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emergence  of  magnetic  flux  from  lower  levels  into  the  chromosphere  and 
corona.  In  larger  scale  (  >  1')  magnetic  bipolar  regions,  there  is  evidence 
for  both  quasi-steady  and  impulsive  heating,  with  quasi-steady  heating 
dominating.  This  heating  could  be  caused  by  either  a  mechanism  such  as 
steady-state  current  dissipation,  or  by  a  stochastic  process  whose  integrated 
effect  (resulting  from  the  smoothing  caused  by  finite  radiative  and  conductive 
cooling  times)  yields  a  nearly  constant  radiative  output.  The  widespread 
variability  of  the  emission  in  spectral  lines  formed  at  transition  region 
temperatures  (10 5  <  T  <  (lO6^  K)  provides  evidence  that  impulsive  energy  releases 
are  a  common,  nearly  continuous  phenomenon  in  bipolar  magnetic  regions. 

However,  at  the  present  time  we  do  not  know  what  fraction  of  the  total 
energy  deposition  in  the  atmosphere  (chromosphere  and  low  corona)  originates 
in  impulsive  phenomena. 
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1 .  INTRODUCTION 


One  of  the  fundamental  problems  of  solar  physics  Is  determination 
of  the  coronal  heating  mechanism.  For  many  years,  it  was  widely  be¬ 
lieved  that  upward  propagating  acoustic  waves  were  the  primary  means  by 
which  energy  was  transferred  from  the  3dar  convection  zone  to  the  coro¬ 
na.  However,  observations  from  0S0-8  (cf.  Athay  and  White  1978a,  1978b) 
Indicated  that  acoustic  waves  deliver  insufficient  energy  to  the  corona 
to  balance  the  observed  radiative  and  convective  energy  losses.  This 
finding,  coupled  with  the  observation  that  spatial  variations  in  coronal 
heating  appear  to  be  intimately  linked  to  the  strength  and  configuration 
of  the  coronal  magnetic  field,  has  led  to  renewed  interest  in  heating 
mechanisms  based  on  the  dissipation  of  energy  stored  In  magnetic  fields 
(see  reviews  by  Withbroe  and  Noyes  1977*  Valana  and  Rosner  1978,  Wentzel 
1981).  There  are  a  variety  of  possible  mechanisms  for  releasing  this 
energy.  Some  yield  quasi-steady  state  heating  (e.g.  heating  by  steady 
currents),  while  others  involve  transient,  impulsive  heating  (e.g.  rapid 
reconnection) .  A  solar  flare  is  an  example  of  a  sudden,  impulsive  ener¬ 
gy  release  resulting  in  plasma  heating.  The  objective  of  the  present 
study  was  to  look  for  observational  signatures  of  coronal  heating 
processes,  particularly  signatures  provided  by  temporal  and  spatial 
variations  of  the  EUV  emission  from  regions  with  strong  magnetic  fields. 

The  study  was  motivated  by  the  results  of  an  earlier  investigation 
by  Habbal  and  Withbroe  (1981)  who  found  that  a  number  (9)  of  coronal 
bright  points  located  In  an  equatorial  coronal  hole  exhibited  large 
variations  in  EUV  emission  on  time  scales  of  minutes.  Coronal  bright 
points  are  small  (1C"-30")  areas  of  enhanced  coronal  emission  overlying 
regions  where  the  photospheric  magnetic  field  is  bipolar.  The  intensity 
variations  found  by  Habbal  and  Withbroe  took  place  within  substructures 
of  the  bright  points,  which  most  likely  consist  of  miniature  magnetic 
loops  that  evolve  on  time  scales  of  a  few  minutes.  The  EUV  observations 
suggest  that  the  plasma  In  coronal  bright  points  Is  heated  by  an  inter¬ 
mittent,  impulsive  heating  mechanism,  most  likely  Involving  the  rapid 
release  of  magnetic  energy. 

These  results  raise  questions  concerning  the  role  of  Impulsive 
heating  as  a  general  mechanism  for  coronal  heating.  Are  all  coronal  re¬ 
gions  heated  primarily  by  an  impulsive  mechanism,  or  only  small  scale 
rapidly  evolving  features  such  as  the  bright  points  studied  by  Habbal 
and  Withbroe?  What  happens  in  other  types  of  regions?  The  study  by 
Habbal  and  Withbroe  was  confined  to  a  relatively  small  number  of  bright 
points  in  a  limited  area  of  the  disk  in  a  large  equatorial  coronal  hole. 
As  we  show  below,  Impulsive  heating  appears  to  occur  in  coronal  loops 
ranging  in  size  from  5”-30M  in  coronal  bright  points  to  several  arc 
minutes  In  active  regions.  However,  In  many  cases,  particularly  for  the 
larger  scale  loops,  the  impulsive  heating  appears  as  an  "ac"  signal  su¬ 
perimposed  on  a  "dc"  signal  of  larger  amplitude  (by  a  factor  of  10  to 
20)  except  for  occasional  flare-like  enhancements. 
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2.  IMPULSIVE  PHENOMENA  IN  COBONAL  BRIGHT  POINTS 

The  EUV  observations  used  in  the  present  investigat ion  were  ac¬ 
quired  by  the  Harvard  Skylab  Experiment  (cf.  Reeves  et  al.  1978a, 
1978b).  Most  of  the  data  consist  of  5'  x  5*  spectroheliograms  in 
selected  spectral  lines  between  300  and  1350  Angstroms.  The  spatial 
resolution  was  5" .  Figure  1  contains  a  spectroheliogram  in  Mg  X  >£25 
acquired  in  an  equatorial  coronal  hole.  The  large  dark  area  crossing 
the  spectroheliogram  from  the  lower  left  to  the  upper  right,  is  the 
coronal  hole.  The  nine  bright  points  studied  by  Habbal  and  VJithbroe 
(1981)  are  circled.  Figure  2  contains  a  set  of  spectrohel iograms  show¬ 
ing  the  appearance  of  a  bright  point  (circled)  at  chromospheric  (Ly  c(  ), 
transition  region  (C  II,  C  III,  0  IV  and  0  VI)  and  coronal  (Mg  X)  tem¬ 
peratures.  The  larger  bright  patch  of  emission  below  the  bright  point 
is  a  small  active  region  which  we  studied  during  the  course  of  the 
present  investigation  (see  Section  3).  Sets  of  spectroheliograms  such 
as  these  were  obtained  at  5.5  minute  intervals  by  the  Harvard  instrument 
in  its  normal  operating  mode.  The  instrument  could  monitor  up  to  seven 
wavelengths  simultaneously  with  its  photoelectric  detection  system. 
Most  of  the  data  were  acquired  in  the  six  wavelengths  given  in  Figure  2, 
however,  occasionally  other  combinations  were  used,  particularly  one 
yielding  simultaneous  observations  in  Ne  VII  A^65  and  Si  XII  >521. 

The  primary  cooling  mechanisms  for  the  coronal  plasma  in  a  closed 
magnetic  loop  appear  to  be  radiation  and  electron  thermal  conduction. 
(The  latter  transports  energy  from  the  corona  to  the  transition  region 
and  upper  chromosphere  where  the  energy  is  lost  from  the  atmosphere  by 
radiation).  Habbal  and  WIthbroe  (1981)  determined  that  the  cooling  time 
due  to  the  combined  effect  of  these  two  loss  mechanisms  was  100  to  300 
seconds.  Hence,  If  the  coronal  plasma  in  a  bright  point  is  heated  by  an 
impulsive  heating  mechanism  with  the  time  between  impulses  greater  than 
or  equal  to  100  to  300  seconds,  one  would  expect  to  observe  variable 
coronal  emission  from  these  features.  (See  Rosner  et  al.  1978,  and  a 
review  by  WIthbroe  1981  for  a  discussion  of  the  relationship  between 
coronal  energy  deposition  and  coronal  emission.)  The  emissions  from  the 
transition  region  and  the  upper  chromosphere  are  sensitive  to  the  down¬ 
ward  conductive  flux,  which  depends  critically  on  the  coronal  tempera¬ 
ture;  thus,  the  emission  from  these  layers  can  also  be  affected  by  vari¬ 
able  energy  inputs  to  the  corona.  Habbal  and  WIthbroe  found  that  the 
emissions  at  all  three  levels  (chromosphere,  transition  region,  and 
corona)  varied  on  a  time  scale  of  a  few  minutes  and  that  these  varia¬ 
tions  were  generally  correlated. 

One  can  also  obtain  variable  emission  at  chromospheric,  transition 
region,  and  possible  coronal  levels  if  the  energy  release  is  in  the 
chromosphere  (or  transition  region).  In  the  latter  case,  the  coronal 
emission  will  vary  only  if  significant  amount  of  coronal  material  is 
heated  to  coronal  temperatures  (or  If  the  energy  deposition  leads  to  a 
compression  of  coronal  material).  We  discuss  this  point  further  in 
later  sections. 

An  example  of  the  tyoe  of  Intensity  variations  found  by  Habbal  and 
WIthbroe  for  a  coronal  emission  line  (Mg  X  >625)  is  shown  In  Figure  3. 
These  variations  are  from  a  small  equatorial  bright  point  (No.  3  in  Fig- 


ure  IK  For  the  present  Investigation  we  selected  a  series  of  8  bright 
points  in  a  polar  coronal  hole*  These  bright  points  tended  to  be 
several  times  larger  than  those  studied  by  Habbal  and  Withbroe  and  gen¬ 
erally  showed  less  dramatic  intensity  variations.  Figure  4  illustrates 
a  typical  set  of  data  for  Mg  X  >625.  The  total  intensity  in  a  25”  x  30" 
area  was  determined  by  summing  the  intensities  in  the  54  pixels  in  the 
selected  area  (designated  BP-A),  where  the  intensity  is  measured  in 
counts  per  integration  time  (0.040  sec)  of  the  photoelectric  detection 
system  of  the  experiment.  The  upper  graph  in  Figure  4  gives  the  total 
intensity  as  a  function  of  time.  The  temporal  spacing  between  the 
points  is  5.5  min.  The  peak-to-peak  fluctuations  are  approximately  20t 
of  the  mean  intensity.  Since  we  were  interested  primarily  in  detection 
of  intensity  variations,  most  of  the  remaining  graphs  in  this  report  are 
similar  to  the  lower  graph  in  Figure  4  which  gives  only  the  time- varying 
part  of  the  intensity.  The  short  vertical  lines  passing  through  the  In¬ 
dividual  data  points  are  the  expected  range  (+  1  cr  )  of  the  intensity 
due  to  counting  statistics  (  cr  =  where  N  is  the  number  of  counts). 
Using  plots  of  this  type  one  can  easily  establish  whether  or  not  there 
are  significant  temporal  variations  in  the  emission  from  a  given  region. 

As  in  the  Habbal  and  Withbroe  study,  we  found  that  the  variations 
in  the  emissions  from  the  coronal  bright  points  comes  from  substructures 
in  the  regions,  where  at  a  given  time  the  intensity  variations  occurred 
primarily  in  a  few  pixels  out  of  the  30  to  60  typically  defining  a 
bright  point.  If  the  intensity  fluctuations  in  these  few  pixels  are  not 
large,  they  may  cause  only  insignificant  variations  in  the  total  emis¬ 
sion  from  the  region.  This  is  illustrated  for  BP-A  in  Figure  5.  The 
upper  graph  shows  the  variation  in  the  emission  (in  0  VI  >1032)  from  the 
entire  bright  point  which  covers  an  area  of  25”  x  40",  while  the  lower 
graph  shows  the  temporal  variation  of  the  emission  from  a  10"  x  15”  area 
that  exhibited  significant  fluctuations.  (By  significant  variations  we 
mean  variations  whose  magnitude  is  substantially  larger  than  that  ex¬ 
pected  due  to  statistical  fluctuations  in  the  signal  measured  by  the  in¬ 
strument  . ) 

Seven  other  polar  bright  points  were  studied.  Often  there  was  a 
good  correlation  between  intensity  fluctuations  observed  at  chromospher¬ 
ic  (Ly  <1^1216,  T  I  2  x  1CT  K),  transition  region  Ce.g.  0  VI  >1032,  T  1 
3  x  lO-’K)  and  coronal  (Mg  X  >625,  T  Z  1.5  x  1(r  K)  temperatures.  As 
Illustrated  in  Figures  6  (BP-B),  7  (BP-C)  and  8  (BP-D),  where,  for  exam¬ 
ple,  the  largest  enhancements  in  the  transition  region  line  (0  VI  >1032) 
correspond  to  similar  enhancements  at  coronal  (Mg  X  >625)  and  chromos¬ 
pheric  (Ly  cf  >1216)  temperatures.  However,  there  are  also  cases  where 
significant  fluctuations  at  one  level  are  not  accompanied  by  correspond¬ 
ing  fluctuations  at  other  levels,  as  shown  in  Figure  9  (BP-E). 

The  lack  of  correlation  appears  to  be  due  to  several  factors.  Stu¬ 
dies  of  surges  in  active  regions  (see  Section  7),  EUV  emission  from  spi¬ 
cules  (see  Section  6),  and  macrospicules  (Withbroe  et  al.  1976)  indi¬ 
cate  that  the  deposition  of  energy  at  chromospheric  levels  can  result  in 
the  ejection  of  cool  (T  <  10°  K)  material  that  produces  enhanced  emis¬ 
sion  at  chromospheric  and  transition  region  temperatures,  but  not  at 
coronal  temperatures.  That  is*  the  ejected  material  appears  to  remain 
at  temperatures  less  than  10G  K  (or  if  it  Is  heated  to  higher  tempera- 


ture3,  the  plasma  heating  occurs  in  such  a  fashion  that  enhancements  in 
coronal  emission  are  not  observed).  At  chromospheric  and/or  transition 
region  temperatures  these  ejecta  often  are  brighter  than  the  surrounding 
regions,  thereby  producing  a  local  enhancement  in  the  appropriate  spec¬ 
tral  lines.  In  some  cases,  EUV  brightenings  observed  at  chromospheric 
and/or  transition  region  temperatures  were  associated  with  nearly  simul¬ 
taneous  "f lare-like"  enhancements  at  adjacent  pixels.  (By  flare-like  we 
mean  rapid  Intensity  increases  observed  simultaneously  at  chromospheric 
through  coronal  levels).  We  believe  that  these  chromospheric/transition 
region  brightenings  are  produced  by  small  surge-like  mass  ejections. 

Another  possible  cause  of  the  lack  of  correlation  between  emissions 
from  various  heights  is  that  when  energy  is  released  in  a  given  layer 
there  Is  insufficient  energy  transport  to  a  higher  and/or  lower  layers 
to  alter  significantly  the  emissions  from  those  layers.  For  example,  in 
some  cases  radiative  cooling  may  dominate  over  conductive  cooling  lead¬ 
ing  to  minimal  energy  transport  to  adjacent  regions  by  thermal  conduc¬ 
tion.  A  third  factor  is  that  the  large  opacity  in  the  optically  thick 
chromospheric  lines  (e.g.  Ly  d  )  may  mask  (or  through  opacity  changes, 
perhaps  cause)  variations  in  the  chromospheric  emission. 

3.  IMPULSIVE  PHENOMENA  IN  A  SMALL  ACTIVE  REGION 

In  order  to  Investigate  the  occurrence  of  impulsive  phenomena  in 
regions  with  larger  spatial  scales  than  coronal  bright  points,  we 
analyzed  EUV  measurements  of  the  small  active  region  shown  in  Figures  1 
and  2  (the  largest  patch  of  bright  emission  in  the  upper  right-hand  qua¬ 
drant).  This  region  exhibited  nearly  continuous  "flare-like”  enhance¬ 
ments.  This  is  shown  in  Figures  10-13-  Figures  10-12  show  the  spatial 
variations  in  Mg  X  A625,  while  Figure  13  shows  the  variations  in  the  in¬ 
tegrated  EUV  emissions  from  chromospheric  (Lyman  of ) ,  transition  region 
(C  III,  0  IV  and  0  VI)  and  coronal  lines.  The  left-hand  plots  in  Fig¬ 
ure  13  are  for  the  eastern  patch  of  emission  in  the  active  region  (see 
Figures  10-12,  also  brightest  patch  in  upper  right-hand  quadrant  of  Fig¬ 
ures  1  and  2),  while  the  right-hand  plots  are  for  the  emissions  from  the 
western  part  of  the  region  (right-hand  patch  of  emission  in  Figures  10- 
12).  As  was  the  case  for  the  coronal  bright  points  studied  by  Habbal 
and  Withbroe,  the  EUV  brightenings  occurred  at  a  variety  of  different 
locations  in  the  active  region  and  occasionally  spilled  over  into  adja¬ 
cent  quiet  regions.  In  Figure  13  the  intensity  peaks  at  052*J  and  0603 
in  the  left-hand  plots  correspond  to  the  subflares  whose  spatial  extent 
and  locations  are  shown  in  Figure  10.  Note  now  the  southern  (lowest) 
portion  of  the  region  brightens  first  on  the  right  (0603)  and  then  left 
(0609).  The  Mg  X  A625  emission  in  this  area  of  the  active  region  Is 
particularly  variable  as  is  apparent  from  a  careful  examination  of  Fig¬ 
ures  10-12. 

In  Figures  10  through  12  one  can  observe  the  growth  of  the  western 
area  of  the  active  region  (area  of  enhanced  emission  on  right-hand  side 
of  the  figures).  This  area  gradually  merges  with  the  left-hand  or 
eastern  region  via  a  connecting  "bridge”  of  coronal  loops  that  forms 
between  the  two  regions  (see  Figure  12  where  the  bridge  is  sufficiently 
bright  in  MgX  to  be  prominent  in  the  contour  maps).  One  may  speculate 
that  the  two  regions  and  their  connecting  "bridge”  were  formed  by  mag- 
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netic  flux  emerging  from  lower  levels  of  the  atmosphere  and  that  the  in¬ 
tensity  variations  and  " flare- like"  brightenings  were  caused  by  the  ra¬ 
pid  release  of  energy  stored  in  the  magnetic  fields.  Due  to  the  youth 
of  the  regions  the  energy  storage  (via  stressing  of  the  field  lines) 
most  likely  occurred  prior  to  emergence  into  the  corona.  The  release  of 
stored  energy  could  have  been  triggered  after  the  field  lines  emerged 
and  the  magnetic  forces  became  larger  than  those  exerted  by  the  plasma 
when  the  field  lines  moved  upward  into  the  less  dense  regions  of  the  at¬ 
mosphere.  (In  the  photosphere  and  below  the  gas  pressure  is  larger  than 
the  magnetic  pressure.)  Alternatively,  the  energy  release  could  have 
been  triggered  when  newly  emerging  flux  tubes  interact  with  those  that 
had  emerged  earlier,  a  scenario  similar  to  that  which  has  been  suggested 
to  occur  in  some  flares  in  active  regions. 

The  variations  of  the  integrated  EUV  intensities  from  the  western 
area  of  the  active  region  are  shown  in  Figure  13.  Note  the  numerous 
short  term  brightenings  and  longer  term  enhancement  starting  at  about 
0700  UT.  The  latter  began  declining  at  about  0840  UT  in  the  cooler 
(T  <  10°  K)  lines  (note  in  particular  0  VI)  shortly  after  the  loops  con¬ 
necting  the  eastern  and  western  areas  became  sufficiently  bright  to  be 
prominent  in  Mg  X  (see  Figure  12).  Also  note  that  the  mean  brightness 
of  the  eastern  region  (Figure  13)  decreases,  particularly  in  transition 
region  lines,  prior  to  the  enhancement  in  the  western  region  at  approxi¬ 
mately  0700. 

Given  the  spatial  and  temporal  variations  in  the  EUV  emission  in 
the  small  active  region  ( denoting  the  coalesced  region  In  Figures  10-12 
as  a  small  active  region),  it  appears  that  the  coronal  heating  In  this 
area  is  dominated  by  heating  processes  with  a  stochastic  nature.  These 
heating  processes  most  likely  involve  rapid  release  of  magnetic  energy. 

4.  STOCHASTIC  HEATING  IN  SMALL  BIPOLAR  MAGNETIC  REGIONS 

The  EUV  observations  of  the  small  active  region  discussed  above 
coupled  with  the  results  of  the  analysis  of  EUV  observations  of  17 
coronal  bright  points  (9  by  Habbal  and  Withbroe,  and  8  In  the  present 
study),  suggest  that  stochastic  processes  play  an  important,  perhaps 
dominant,  role  in  the  heating  of  the  upper  chromospheric,  transition  re¬ 
gion  and  coronal  plasmas  in  small  scale  magnetic  bipolar  regions.  The 
following  hypothesis  is  suggested.  It  is  a  scenario  similar  to  that 
which  has  been  suggested  for  flares  in  active  regions  (cf.  Sturrock 
1980).  Magnetic  flux  tubes  emerge  from  the  lower  atmosphere.  The  ener¬ 
gy  stored  in  these  tubes  (e.g.  via  twisting  of  the  field  lines  into 
non-potential  configurations)  is  released  suddenly  resulting  in  plasma 
heating,  most  likely  at  coronal  levels.  Energy  is  transferred  to  the 
chromospheric  footpoints  of  the  magnetic  loops  via  thermal  conduction 
and/or  accelerated  particles.  This  deposition  of  energy  into  the  chro¬ 
mosphere  heats  up  the  upper  chromospheric  material  which  flows  upward 
filling  the  loop  with  hot,  dense  plasma  via  "chromospheric  evaporation". 
There  is  a  "burst"  o**  EUV  emission  lasting  from  several  minutes  due  to 
the  plasma  heating,  len  the  asm a  cools  and  drains  from  the  loop.  The 
enhanced  EUV  emission  as  pr.  iced  at  chromospheric,  transition  region 
and  coronal  levels,  uome  energy  release  may  occur  in  the  chromosphere 
and/or  transition  region  producing  surge-like  phenomena  or  small  mass 


ejections  that  produce  enhancements  in  chromospheric  and/or  transition 
region  emissions  without  corresponding  enhancements  of  the  coronal  emis¬ 
sion  at  the  same  location. 

5.  STOCHASTIC  PLASMA  HEATING  IN  ACTIVE  REGIONS 

As  discussed  above,  EUV  observations  suggest  that  stochastic 
processes  play  an  important,  if  not  dominant  role  in  plasma  heating  for 
coronal  loops  found  in  small  magnetic  bipolar  regions,  such  as  coronal 
bright  points  and  small  active  regions.  In  order  to  see  if  this  nay 
also  be  the  case  for  larger  loops,  we  analyzed  Skylab  EUV  observations 
of  two  active  regions. 

Figure  14  contains  a  series  of  spectroheliograms  showing  the  two 
regions  which  were  located  near  the  east  limb  at  the  time  the  observa¬ 
tions  were  acquired.  The  spatial  and  temporal  variations  in  the  loop 
structures  observed  in  the  region  closest  to  the  limb  (McMath  region 
12634)  indicate  that  the  plasma  in  the  highest  lying  loops  is  apparently 
thermally  unstable.  The  emission  in  spectral  lines  formed  at  tempera¬ 
tures  below  10fe  K,  especially  0  VI  >1032  and  Ne  VII  >465,  exhibited 
large  spatial  and  temporal  variations.  In  addition,  the  emission  from 
these  lines  was  observed  at  heights  far  above  that  expected  for  plasma 
that  is  in  hydrostatic  equilibrium.  The  data  suggest  that  these  emis¬ 
sions  were  produced  by  coronal  plasma  that  was  cooling  by  radiation,  be¬ 
came  thermally  and  dynamically  unstable  (that  is,  developed  a  Raleigh- 
Taylor  instability)  and  flowed  downward  along  the  magnetic  field  lines 
to  the  chromosphere.  We  also  found  that  the  emission  originating  near 
the  surface  at  transition  region  temperatures  (Hr  <  T  <  Hr  K)  was 
variable  throughout  both  active  regions  shown  in  Figure  14.  An  example 
of  this  variability  is  shown  in  Figure  15  (lower  graphs)  for  the  0  VI 
emission  from  the  footpoints  of  the  loops  in  the  McMath  region  12634. 

The  emission  from  the  "coronal"  lines  (T  >  10^  K)  Mg  X  and  Si  XII 
generally  was  much  more  constant  and  exhibited  smaller  (<  10?)  fluctua¬ 
tions  in  intensity.  This  is  illustrated  for  the  emission  near  the  loop 
footpoints  (Figure  15)  and  several  positions  in  the  loops  at  heights 
greater  than  101*  km  above  the  surface  in  McMath  region  12634  (see  Fig¬ 
ure  16).  One  does  find  occasional  small-scale  Impulsive  enhancements  in 
the  "coronal"  lines  such  as  those  occurring  at  7.5  hours  in  Figure  15 
and  at  7.42  hours  in  Figure  16.  Larger  subflare-like  enhancements  In 
intensity  are  also  observed,  as  illustrated  in  Figure  17  which  shows  two 
impulsive  enhancements  that  occurred  near  the  loop  footpoints  An  McMath 
region  12628  (the  foreground  region  In  Figure  14). 

The  observat Ions *of  McMath  regions  12628  and  12634  indicate  that 
quasi-steady  heating  appears  to  dominate  in  larger  scale  OV)  magnetic 
loops.  This  is  in  contrast  to  the  small  scale  ( < 1  * )  loops  found  in 
coronal  bright  points  for  which  impulsive  heating  appears  to  be  much 
more  important.  The  evidence  for  quasi-steady  heating  in  large  active 
region  loops  is  provided  by  the  "do"  component  of  the  coronal  emission, 
which  shows  little  variation  on  time  scales  of  approximately  an  hour. 
One  possible  heating  mechanism  is  the  steady-state  current  dissipation 
(cf .  Tucker  1973*  Wentzel  1981).  An  alternative  possiblity  is  that  the 
heating  mechanism  Is  impulsive,  but  that  the  frequency  of  the  energy 


7 


releases  and/or  summation  along  the  line  of  sight  produces  quasi-steady 
heating  (on  the  time  scale  of  the  radiative  and  conductive  cooling 
rates)  and  the  resulting  nearly  constant  radiative  output  observed  in 
the  EUV.  Some  evidence  that  impulsive  energy  releases  are  frequent  is 
provided  by  the  variability  of  the  emission  in  spectral  lines  formed  at 
transition  region  temperatures  (10^  <  T  <  10°  K) .  In  these  lines  the 
amplitude  of  the  "ac"  signal  Is  substantially  larger  (approximately  TO 
to  50t  relative  to  the  dc  level)  than  in  the  higher  temperature  lines. 
The  f,ac"  component  of  the  EUV  emission  in  the  hotter  lines  such  as  Mg  X, 
which  typically  appears  to  have  an  amplitude  of  a  few  percent  of  the 
Mdc”  signal,  indicates  that  impulsive  energy  releases  do  occur  at  coron¬ 
al  levels,  however,  the  amount  of  energy  involved  in  these  detectable 
impulsive  events  Is  a  small  fraction  (few  percent)  of  that  producing  the 
quasi-steady  heating. 


6.  STOCHASTIC  ENERGY  RELEASE  IN  THE  QUIET  CHROMOSPHERE 


There  is  one  well  known  phenomena  that  is  clearly  associated  with 
the  stochastic  release  of  energy  at  chromospheric  heights,  spicules. 
Spicules  are  jets  of  chromospheric  material  that  are  driven  by  an  unk¬ 
nown  mechanism  to  heights  up  to  15,000  km  above  the  surface.  Lriving 
mechanisms  that  involve  rapid  release  of  magnetic  energy  and/or  upward 
propagating  MHD  waves  have  been  suggested  (see  Beckers  1968,  1972, 
Hollweg  et  al.  1982,  Shibata  1982). 

Very  little  is  known  about  the  role  of  spicules  in  the  transport  of 
mass  and  energy  between  the  chromosphere  and  higher  layers  of  the  atmo¬ 
sphere.  Recently  Athay  and  Holzer  (1982)  suggested  that  the  rise  and 
fall  of  spicular  material  can  supply  the  thermal  energy  required  for 
heating  the  upper  chromosphere,  transition  region  and  possibly  corona. 
The  mechanism  is  based  on  the  inference  that  spicular  material  is  raised 
well  above  the  height  that  would  be  achieved  by  a  projectile  moving  with 
the  velocity  typically  observed  for  spicules  (20  to  25  km  s~4).  The 
gravitational  potential  energy  gained  during  the  spicular  rise  may  then 
be  converted  into  flow  energy  as  spicular  material  falls  and  into  inter¬ 
nal  energy  as  the  fall  Is  slowed,  thus  providing  a  source  of  heat  for 
the  atmosphere.  The  proposed  mechanism  depends  upon  assumptions  about 
the  fate  of  spicules  after  they  disappear  from  view  in  the  visual  spec¬ 
trum  where  observations  are  limited  to  spectral  lines  formed  at  chromos¬ 
pheric  temperatures.  In  order  to  obtain  information  about  the  behavior 
of  higher  temperature  material  associated  with  spicules,  It  is  necessary 
to  make  use  of  observations  at  wavelengths  shortward  of  2000  Angstrom, 
particularly  the  extreme  ultraviolet  (EUV),  300  <  X  <  1^00  Angstrom 
where  there  a^re  many  strong  resonance  lines  formed  at  temperatures 
between  2x10 4  and  2x10°K.  Although  the  spatial  resolution  of  existing 
EUV  data  is  Inadequate  to  resolve  Individual  spicules,  EUV  observations 
acquired  by  the  Harvard  Skylab  experiment  have  sufficiently  high  resolu¬ 
tion  (5,f )  to  place  limits  on  the  heights  of  EUV  emitting  spicules  and 
their  effects  on  the  overlying  corona.  The  present  report  describes 
results  of  an  analysis  of  measurements  of  the  spatial  and  temporal  vari¬ 
ations  of  EUV  emission  near  the  solar  limb.  These  results  place  empiri¬ 
cal  constraints  on  the  fate  of  spicules  after  they  disappear  from  view 
in  the  visible  spectrum  and  thereby  place  contraints  on  their  role  in 


the  transport  of  mass  and  energy  betweeen  the  chromosphere  and  corona. 

As  observed  in  the  visible  region  of  the  spectrum,  spicules  cover 
about  It  of  the  solar  surface,  originate  in  the  chromospheric  network 
and  rise  to  a  maximum  height  of  about  15,000  km  above  the  photosphere 
(Beckers  1968,  1972;  Athay  1976).  One  of  the  fundamental  questions  to 
be  answered  is  how  high  spicules  rise  before  they  either  fall  back  or 
are  heated  to  coronal  temperatures  (and  thereby  cease  to  be  spicules). 
A  primary  obj erA;.c  of  the  study  reported  in  this  section  was  to  answer 
the  above  question  - 

Figure  18  contains  several  spectroheliograms  acquired  in  a  quiet 
region  near  the  limb.  These  spectrohel lograms  were  acquired  simultane¬ 
ously  in  all  spectral  lines.  The  jagged  appearance  of  the  limb  is  due 
to  EUV  emitting  inhomogeneities  extending  beyond  the  limb.  In  the 
remainder  of  this  paper  we  will  refer  to  these  inhomogeneities  as  spi¬ 
cules,  although  it  is  possible  that  they  may  also  be  due  to  clumps  of 
cool  (T  <  lO^K)  material  resulting  from  the  downflow  of  coronal  material 
that  has  cooled  and  is  falling  into  the  chromosphere.  The  reason  for 
attributing  the  inhomogeneities  to  spicules  is  their  similarity  in  ap¬ 
pearance  (for  example  in  hydrogen  Lyman-cO  to  spicules  observed  with 
higher  spatial  resolution  in  W.  As  we  shall  see  below,  the  scale 
height  of  these  inhomogeneities  is  the  same  as  that  measured  for  Hc(  spi¬ 
cules. 

One  method  of  obtaining  Information  about  the  height  distribution 
of  the  inhomogeneities  (which  we  are  associating  with  spicules)  is 
through  use  of  measurements  of  the  variation  of  the  mean  intensity  with 
distance  p  (in  units  of  a  solar  radius  Rsun)  from  sun-center.  Figure  19 
gives  I(p)  for  CIII  >977  determined  from  measurements  (points)  in  a  typ¬ 
ical  quiet  region  of  the  limb.  The  emission  beyond  the  limb  (p  >  1 )  de¬ 
creases  rapidly  with  increasing  p,  falling  by  nearly  3  orders  of  magni¬ 
tude  by  p  =  1.03.  The  emission  scale  height  is  approximately  1900  km. 
The  relatively  shallow  gradient  in  the  intensity  fall  off  beyond  p  = 
1.03  is  most  likely  due  to  Instrumental ly  scattered  light  from  the  disk 
(see  WIthbroe  1983a). 

Measured  EUV  emission  scale  heights  can  be  used  to  estimate  the 
scale  height  H  Qf  EUV  emitting  spicules.  We  made  use  of  a  model 
developed  by  Wi tnbroe  and  Mariska  (1976).  The  model  consists  of  a 
spherically  symmetric,  geometrically  thin  transition  region  through 
which  cylindrical  spicules  extend.  The  spicules  are  assumed  to  be 
oriented  radially,  distributed  randomly  across  the  solar  surface  and  to 
have  a  number  density  N  identical  to  that  determined  for  spicules  ob¬ 
served  In  the  visible  Tcf.  Beckers  1968,  1972).  The  number  of  spicules 
extending  to  height  h  is  assumed  to  be 

N3(h)=N0e'h/H3.  (D 

For  the  zero  height  we  used  the  value  2000  km  above  the  photosphere 
(optical  depth  unity  at  5000  Angstrom).  This  appears  to  be  approximate¬ 
ly  the  height  where  the  "homogeneous”  chromosphere  terminates  and  from 
which  spicules  originate  (cf.  Beckers  1968,  Vernazza,  Avrett  and  Loeser 


1981). 
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Scale  heights  were  derived  using  data  acquired  in  three  areas  at 
the  limb.  Two  of  the  areas  were  located  near  the  south  solar  pole  and 
the  other  in  the  quiet  region  shown  in  Figure  18.  One  of  the  polar 
areas  was  located  in  a  coronal  hole  and  the  other  in  an  adjacent  quiet 
region.  Values  for  Hg  determined  from  measurements  of  several  spectral 
lines  and  the  H  I  Lyman  continuum  are  given  in  Table  1.  Figure  19  com¬ 
pares  calculated  intensities  for  C  III  >977  with  those  measured  in  a 
quiet  region.  The  calculated  intensities  were  smoothed  with  the  instru¬ 
mental  slit  function  for  comparison  with  the  observations.  In  order  to 
demonstrate  the  sensitivity  of  the  calculated  intensities  to  variations 
in  the  assumed  spicular  scale  height,  curves  are  given  for  Hg  -  o,  1900 
and  2500  km.  Figure  20  compares  calculated  intensities  for  several 
wavelengths  with  measurements  from  the  south  polar  coronal  hole.  The 
differences  in  the  amount  of  limb  brightening  for  p  <  i  for  the  various 
wavelengths  are  due  to  differences  in  the  optical  depths  (at  these 
wavelengths)  of  spicules  and  the  transition  region  (see  Withbroe  and 
Mariska  1976).  The  derived  spicular  scale  heights  depend  primarily  on 
the  gradients  dl(p)/dp  for  p  >  1  and  are  insensitive  to  model  parameters 
controlling  amount  of  limb  Drightening  on  the  disk.  Also  shown  in  Fig¬ 
ure  20  are  intensities  from  higher  temperature  lines  to  be  discussed 
later.  The  mean  temperature  of  formation  for  each  line  is  given  in 
Table  1  (of.  Dupree  1972). 

The  mean  scale  height  for  the  EUV  emitting  inhomogenities,  2000  km 
300  km,  Is  in  good  agreement  with  that  obtained  for  Ha(  spicules,  1750 
km  (see  review  by  Beckers  1972).  In  an  earlier  paper  we  demonstrated 
that  EUV  limb  intensities  calculated  with  a  scale  height  of  1750  km  gave 
a  good  fit  to  EUV  limb  intensities  measured  for  several  quiet  regions 
within  40°  of  the  equator  (Withbroe  and  Mariska  1976).  Although  excep¬ 
tionally  large  spicules,  known  as  macrospicules  (Bohlin  et  al.  1975, 
Withbroe  et^  al.  1976)  which  extend  several  times  farther  above  the  limb 
than  ordinary  spicules,  are  observed  in  EUV  observations  of  polar  coron¬ 
al  holes,  they  contribute  only  a  small  fraction  of  the  total  EUV  emis¬ 
sion  measured  at  the  limb  and  apparently  do  not  significantly  increase 
(<  10$)  the  mean  scale  height  of  EUV  emitting  spicules  of  coronal  holes. 

These  data  indicate  that  the  bulk  of  the  EUV  emission  in  spectral 
lines  formed  at  T  <  2x  10^  K  originates  at  heights  below  15,000  km. 
Through  use  of  Information  In  the  measured  limb  brightening  curves  one 
can  easily,  show  that  99$  or  more  of  the  emission  In  the  lines  formed  at 
T  <  3  x  10°  K  originates  at  heights  below  15,000  km  (p  <1.02),  which  is 
equal  to  the  average  maximum  height  of  Hd  spicules.  These  results  indi¬ 
cate  that  spicules  not  only  fade  from  view  at  heights  beyond  15,000  km 
when  observed  In  visible  lines  such  as  hydrogen  H-o(,  they  also  do  so 
when  observed  In  lines  formed  at  much  higher  temperatures,  2x10^K 
<  T  <  2x105K. 

One  can  also  analyze  the  vertical  extent  of  small  scale  spatial  EUV 
inhomogenities  to  obtain  constraints  on  spicule  scale  heights.  We  found 
that  these  Inhomogeneities  disappear  into  the  noise  at  heights  above 
15,000  to  20,000  km  above  the  limb,  as  might  be  expected  from  the  emis¬ 
sion  gradients  discussed  above.  More  details  on  this  phase  of  the 
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analysis  are  given  by  Withbroe  (1983a). 

A  third  method  for  obtaining  information  on  the  heights  of  EUV  em¬ 
itting  spicules  is  through  measurements  of  temporal  variations  in  EUV 
intensities.  On  December  10,  1973,  Astronaut  Dr.  E.  Gibson  acquired  a 
series  of  spectroheliograms  in  the  south  polar  coronal  hole  with  a  tem¬ 
poral  resolution  of  about  1.7  minutes  over  a  period  of  40  minutes.  Each 
spectroheliogram  consists  of  a  series  of  5”  x  5*  scans  parallel  to  the 
limb.  For  each  of  the  120  pixels  (5”  x  5M  pixels  measured  at  intervals 
of  2.5”)  in  a  scan,  the  magnitude  ct(i)  of  the  RMS  temporal  fluctuations 
in  intensity  is  defined  by 

°t(i)2  tTi(t)  -  ~ii2/n  (2) 

where  1^  (t)  is  the  intensity  of  pixel  i  measured  at  time  t,  I  is  the 
mean  intensity,  n  is  the  number  of  pixels  summed  and  the  summation  is 
over  time.  Figure  21  shows  <Tt(i)/<r  (i)  (where  <ye(i)  =  Tj172  >  for  a 
series  of  scans  in  C  III  X977  made  at  different  positions  as  measured  by 
p,  where  p  is  the  mean  distance  of  the  3can  line  from  sun-center.  Due 
to  the  curvature  of  the  limb  the  pixels  at  either  end  of  the  scans  are 
approximately  8000  km  higher  above  the  limb  than  the  pixels  near  the 
center  of  the  scan.  We  see  that  the  RMS  temporal  fluctuations  measured 
by  cr^(i)/<r  (i)  disappear  (crt/cre  -  1)  at  most  pixels  for  heights  p  j>  1.03 
(h  .  20,000  km)  except  for  a  few  pixels.  Macrospicules,  exceptionally 
large  spicules  found  in  polar  coronal  holes,  cause  the  fluctuations  at 
these  latter  pixels  (cf .  Withbroe  et_  al .  1976). 

Figure  22  compares  the  temporal  fluctuations  measured  at  the  limb 

for  p  r  1.005  (h  -  3500  km)  for  a  series  of  spectral  lines.  The  plots 
are  arranged  in  ascending  temperature  of  formation  from  the  chromospher¬ 
ic  line  Lyman-d,  the  transition  region  lines  of  C  III,  0  IV,  0  VI  to  the 
Mg  X  coronal  line.  There  is  a  good  correlation  between  the  locations 
which  have  large  temporal  fluctuations  in  the  chromospheric  and  transi¬ 
tion  region  lines.  The  magnitude  of  the  temporal  fluctuations  increases 
with  increasing  temperature,  reaching  a  maximum  at  C  III  and  then  dec¬ 
lining,  essentially  disappearing  in  Mg  X  ^625.  This  effect  is  illus¬ 
trated  as  a  function  of  distance  from  sun  center  in  Figure  23  where  we 
have  plotted  the  parameter  <^(p)/cTe(p)  as  a  function  of  p  where 
^ (p)Ar  (p)  is  the  mean  value  of  the  RMS  temporal  fluctuations  measured 
at  a  distance  p  from  sun  center.  In  the  cooler  lines,  (Lyman-d,  C  III) 
the  temporal  fluctuations  peak  between  p  =  1  and  1.02.  A  similar  peak 
is  found  in  the  0  IV  and  0  VI  lines,  along  with  a  peak  of  comparable 
magnitude  on  the  disk  (p  <  1),  while  the  coronal  Mg  X  line  shows  very 
little  variation  (in  time)  over  the  range  of  distances  covered.  These 
data  further  reinforce  the  conclusion  drawn  above  that  EUV  emitting  spi¬ 
cules  disappear  at  heights  approximately  15,000  to  20,000  km  above  the 
limb  (p  r  1,025).  The  small  temporal  variations  observed  above  that 
height  are  due  to  several  macrospicules  (see  Figure  21  and  Withbroe  et 
al.  1976).  — 

One  can  also  use  the  EUV  measurements  to  place  limits  on  the  mass  M 
of  cool  material  at  large  heights  (h  >  17,000  km)  above  the  surface. 
This  information  can  then  be  used  to  determine  whether  or  not  the  energy 
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released  by  gravitationally  accelerated  downward  falling  cool  material 
is  a  significant  factor  In  the  global  energy  balance  of  the  atmosphere. 
The  value  found  for  M  is  2-3  x  10“'  g  cm”2.  The  gravitational  poten¬ 
tial  energy  of  this  material  is  of  the  order  3-9  x  107  erg.  The  max¬ 
imum  rate  at  which  this  energy  E  can  be  released  is  ED/t>r,  where 
is  the  free-fall  time.  This  yields  a  maximum  globally  averaged  heating 
rate  of  10  erg  cm"  s"\  For  comparison  the  requirement  for  heating 
the  upper  chromosphere  is  approximately  3  x  10^  erg  cm"2  s"1.  The 
coronal  heating  requirement  is  of  the  same  order  of  magnitude  (see  re¬ 
view  by  Withbroe  and  Noyes  1977).  Given  that  E  ±s  an  upper  limit  and 

that  E  is  the  maximum  energy  release  rate,  these  results  suggest 

that  release  of  gravitational  potential  energy  of  cool  material  is  not 
the  primary  source  of  heating  for  the  upper  chromosphere,  although  it 
may  make  a  non-negligible  contribution.  The  maximum  downward  particle 
flux  npv  associated  with  this  material,  2  x  lO1^  cm“2  is  nearly  an 

order  of  magnitude  smaller  than  the  downward  particle  flux  in  the  tran¬ 
sition  region  (Z  10^  cm"2  s"^)  as  deduced  from  UV  observations  (see 
Athay  and  Holzer  1982).  Hence,  infalling  cool  material  from  heights  h  > 
17,000  km  is  not  the  primary  source  of  the  mass  in  the  downflows  ob~ 
served  in  the  transition  region. 

To  summarize:  Three  separate  types  of  observational  evidence 
derived  from  EUV  measurements,  (1)  gradients  in  EUV  emissions  for  p  >  1, 
(2)  spatial  inhomogeneities  and  (3)  temporal  inhomogeneities  as  measured 
by  all  indicate  that  EUV  emitting  spicules  disappear  at  heights  h  Z 

15,000  km  km  essentially  the  same  height  at  which  HoC  spicules  disappear. 
The  close  agreement  between  the  scale  heights  Hs  Qf  spicules  and 
those  derived  here  for  EUV  emitting  inhomogeneities  observed  near  the 
limb  is  consistent  with  the  assumption  that  the  latter  inhomogeneities 
are  associated  with  HoC  spicules.  One  likely  possibility  is  that  the  EUV 
emission  originates  in  a  thin  transition  sheath  separating  the  cool  H d 
emitting  spicular  material  from  the  hotter  surrounding  corona. 

One  can  now  ask  what  role  spicular  material  plays  in  atmospheric 
heating.  As  indicated  earlier,  Athay  and  Holzer  (1982)  have  suggested 
that  the  release  of  gravitational  potential  energy  by  downward  flowing 
spicular  material  may  be  an  important  source  of  atmospheric  heating. 
For  this  to  be  the  case  for  chromospheric  material  that  is  accelerated 
upward  without  being  heated  to  high  temperatures  (T  >  5  x  10%)  the  ma¬ 
terial  must  be  raised  to  heights  much  larger  (by  a  factor  of  3)  than 
those  determined  above.  The  energy  required  to  raise  chromospheric  ma¬ 
terial  to  the  heights  observed  for  Hi  and  EUV  emitting  spicules  is  on 
the  average  a  few  times  102  erg  per  spicule.  If  this  energy  is  con¬ 
verted  into  thermal  energy  when  the  spicular  material  falls  back  into 
the  chromosphere,  the  amount  of  energy  released  at  the  base  of  the  spi¬ 
cule  Is  about  10°  erg  cm"2  s"1.  Since  this  is  comparable  to  the  amount 
of  energy  radiated  in  the  upper  chromosphere  at  the  base  of  spicules, 
falling  spicular  material  may  provide  a  significant  fraction  of  the  en¬ 
ergy  required  to  heat  these  areas.  However,  falling  cool  spicular  ma¬ 
terial  most  likely  represents  only  a  small  fraction  (a  few  times  10**  erg 
cm"2  s"  or  ~10£)  of  the  globally  averaged  heating  in  the  upper  chromo¬ 
sphere  (cf.  Withbroe  and  Noyes  1977). 

Significant  amounts  of  spicular  material  may  also  be  heated  to 
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coronal  temperatures  as  proposed  by  Pneuman  and  Kopp  (1978)  and  others. 
Observations  of  the  spatial  and  temporal  variations  of  the  emission  from 
these  features  place  limits  on  the  conditions  under  which  large  amounts 
of  spicular  material  can  be  heated  to  coronal  temperatures.  The  EUV  ob¬ 
servations  indicate  that  most  of  this  heating,  if  present,  occurs  at 
heights  h< 15,000km.  An  additional  observational  constraint  on  the  heat¬ 
ing  is  that  the  heating  rate  must  be  sufficiently  slow  that  the  spicular 
material  expands  in  approximate  pressure  equilibrium  with  the  corona. 
This  is  required  in  order  to  avoid  significant  temporal  or  spacial  fluc¬ 
tuations  in  the  Mg  X  emission  at  the  limb.  On  the  other  hand,  the  heat¬ 
ing  must  be  sufficiently  rapid  that  the  cool  spicular  material  disap¬ 
pears"  from  view  within  the  lifetime  of  spicules,  which  typically  is  of 
the  order  of  5  min  for  spicules  observed  above  the  limb  in  Hi.  The  tem¬ 
poral  sequence  of  EUV  observations  in  the  polar  coronal  hole  discussed 
above  yields  similar  lifetimes  for  EUV  emitting  spicules.  The  energy 
required  to  heat  all  of  the  cool  (T  :  j,6  x  104  K)  material  in  a  spi¬ 
cule  to  coronal  temperatures  (T  1  1.5  x  10^  K)  is  of  the  order  of  10^° 
erg.  This  is  2  orders  of  magnitude  more  energy  than  required  to  lift 
cool  chromospheric  material  to  the  observed  heights.  Thus,  if  spicular 
material  plays  a  significant  role  in  the  chromospheric-coronal  energy 
balance,  it  most  likely  does  so  by  being  heated  to  coronal  temperatures 
at  low  heights  (h  £  15,000  km). 

It  should  be  noted  that  there  is  no  direct  observational  evidence 
that  significant  amounts  of  spicular  material  are  heated  to  coronal  tem¬ 
peratures.  This  hypothesis  has  been  advanced  to  account  for  the  sys¬ 
tematic  red  shifts  observed  in  UV  lines  formed  at  temperatures  T  -  10^  K 
and  the  finding  that  the  mass  flux  associated  with  the  red-shifted  ma¬ 
terial  is  comparable  to  the  upward  mass  flux  associated  with  cool 
(T  “  1.5  x  10*  K)  spicular  material  (Pneuman  and  Kopp  1978).  Under 
this  hypothesis  the  emission  measure  of  the  upward  moving  material  which 
is  being  heated  must  be  much  lower  than  that  of  the  downward  moving  ma¬ 
terial  which  is  cooling  from  coronal  temperatures  and  falling  into  the 
chromosphere .  The  UV  observations  can  be  equally  well  explained  by  hav¬ 
ing  spicular  material  heated  to  temperatures  of  1  to  2  x  10^  K  and  then 
falling  back  into  the  chromosphere.  This  would  also  explain  the  finding 
reported  here  that  the  largest  spatial  and  temporal  fluctuations  are  ob¬ 
served  in  the  intensities  of  EUV  lines  formed  at  these  temperatures.  It 
is  interesting  to  note  that  the  radiative  loss  function  for  a  fully  ion¬ 
ized  plasma  has  a  maximum  at  these  same  temperatures  (Cox  and  Tucker 
1969,  Raymond,  Cox  and  Smith  1976).  The  amount  of  energy  required  to 
heat  spicular  material  to  these  temperatures  is  an  order  of  magnitude 
smaller  than  If  the  material  is  heated  to  coronal  temperatures. 

It  also  must  be  pointed  out  that  existing  observations,  including 
those  presented  here,  do  not  rule  out  the  possibility  that  large  amounts 
of  spicular  material  are  heated  to  coronal  temperatures.  However,  the 
present  analysis  indicates  that  this  heating,  if  present,  must  occur 
primarily  at  heights  below  15,000  km  and  must  not  cause  large  fluctua¬ 
tions  in  the  emission  of  coronal  lines  formed  at  temperatures  near  1.5 
x  10°  k,  the  mean  temperature  of  formation  of  the  Mg  X  line.  In  order 
to  establish  how  much  spicular  material  is  heated  to  high  temperatures 
(T  >  5  x  10^  K),  it  would  be  very  useful  to  obtain  simultaneous  high 
resolution  observations  of  line  profiles  and  Doppler  shifts  in  spectral 
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lines  formed  at  chromospheric,  transition  region  in  coronal  tempera¬ 
tures,  The  desired  spatial  resolution  is  <  1"  and  the  spectral  resolu¬ 
tion  X/^s,  >  3  x  10^.  This  can  be  achieved  with  a  suitably  designed  EUV 
instrument. 


7.  SOLAR  FLARES  AMD  SURGES 

In  order  to  obtain  additional  insights  concerning  the  nature  of  the 
different  types  of  impulsive  phenomena  discussed  above,  we  analyzed  EUV 
observations  of  several  subflares  observed  in  the  McMath  region  12628, 
Figure  24  presents  a  series  of  four  pairs  of  0  VI  and  Mg  X  spec- 
trohellograms  of  one  of  these  subflares.  Each  pair  of  spectroheliograms 
was  acquired  simultaneously  along  with  spectroheliograms  in  four  other 
spectral  lines  not  shown.  Time  progresses  from  bottom  to  top  with  the 
interval  between  spectroheliograms  being  5.5  minutes.  The  subflare  oc¬ 
curred  at  the  base  of  the  loops  in  the  active  region  in  the  foreground. 
In  the  Mg  X  spectroheliograms  (right  hand  set  of  pictures)  the  subflare 
is  visible  as  a  small  bright  patch  near  the  bottom  of  the  pictures.  The 
event  grows  in  size  and  in  intensity  in  the  middle  two  spectroheliograms 
and  then  fades  in  intensity  by  the  time  of  the  last  spectroheliogram 
(top  spectroheliogram  in  the  sequence).  At  the  flare  site  all  of  the 
EUV  spectral  lines  observed  (Ly  of,  C  II,  C  III,  0  IV,  0  VI,  and  Mg  X) 
brighten  simultaneously  within  the  5.5  minutes  temporal  resolution  of 
the  data.  This  is  shown  for  three  of  the  lines  in  Figure  25  (left-hand 
plots)  Lyman  d  X1216  (from  the  chromosphere,  T  Z  2  x  ID**  K ) ,  0  VI  XI 032 
(from  the  transition  region,  T  -  3  x  10*  K)  and  Mg  X  X625  (from  the 
corona,  T  Z  1.5  x  10^)  which  shows  intensities  measured  at  the  location 
of  the  subflare.  The  first  large  peak  corresponds  to  the  flare  pictured 
in  Figure  24.  The  second  peak  is  due  to  a  second  subflare  which  oc¬ 
curred  later  at  the  same  location. 

The  contrast  in  the  photographic  representations  of  the  0  VI  spec¬ 
troheliograms  in  Figure  24  is  such  that  the  enhanced  intensities  associ¬ 
ated  with  the  subflare  (which  occur  in  the  same  location  as  in  Mg  X)  are 
not  readily  apparent.  However,  in  0  VI  several  mass  ejections  or  surges 
associated  with  the  flare  are  readily  seen  as  "Jets"  extending  to  the 
left  of  the  flaring  region.  If  one  compares  the  various  spec¬ 
troheliograms  in  the  figure,  one  observes  ejected  material  moving  out 
along  several  different  trajectories,  presumably  guided  by  the  magnetic 
fields  in  the  region.  Note  In  particular  (1)  the  very  bright  ejection 
that  is  at  an  angle  of  about  40  degrees  to  the  horizontal,  (2)  the 
ejected  material  apparently  falling  downward  on  a  curved  trajectory  near 
the  top  left  of  the  active  region  (see  upper-most  spectroheliogram)  and 
(3)  the  ejecta  moving  towards  the  bright  point  to  the  left  of  the  tip  of 
the  brightest  surge  in  the  middle  0  VI  spectroheliograms.  The  intensity 
of  this  bright  point  varied  with  time,  apparently  due  to  the  infall  of 
ejecta  from  the  flare.  The  velocities  of  the  ejecta  appear  to  range 
between  approximately  50  and  300  km  per  second. 

One  of  the  most  Interesting  characteristics  of  these  surges  is 
that,  although  they  are  clearly  visible  In  the  chromospheric  and  transi¬ 
tion  region  lines,  they  produce  no  measurable  enhancement  in  the  Mg  X 
coronal  line.  The  comparison  of  the  Mg  X  and  0  VI  images  in  Figure  24 
illustrates  this  behavior.  Figure  25  (right-hand  plots)  shows  the 
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corresponding  "light  curves"  for  the  flare  region  (bottom  graph)  and  the 
bright  surge  to  the  left  of  the  flare  site  (upper  3  plots).  Note  that 
the  Lyman  d  and  0  VI  intensities  continue  to  increase  after  flare  max¬ 
imum,  while  the  Mg  X  intensity  declines.  The  decline  in  the  Mg  X  emis¬ 
sion  is  most  likely  due  to  Lyman  continuum  absorption  from  the  cool  ma¬ 
terial  in  the  surge  which  may  have  appreciable  optical  thickness  at 
*625. 


These  observations  suggest  that  no  significant  amount  of  material 
in  the  surge  are  raised  to  coronal  temperatures  (T  >  10®  K).  (Material 
at  coronal  temperatures  could  be  present  under  the  unlikely  circumstance 
that  all  of  the  hot  material  is  shielded  from  view  by  the  cool  Lyman  ab¬ 
sorbing  material.  However,  surges  are  also  bright  in  0  IV  >554  emission 
which  is  nearly  as  susceptible  to  the  effects  of  Lyman  continuum  absorp¬ 
tion  as  emission  at  >625).  This  finding  suggests  that  the  mechanism 
responsible  for  the  mass  ejections  or  surges  delivers  most  of  the  energy 
to  driving  the  mass  flows.  The  amount  of  energy  involved  with  heating 
the  ejected  material  is  Insufficient  to  raise  the  temperature  of  signi¬ 
ficant  amounts  of  material  to  values  above  10®  K.  There  is,  however, 
sufficient  plasma  heating  to  raise  some  of  the  material  to  transition 
region  temperatures  (3x10**  <  T  <  10®  K)  resulting  in  strongly  enhanced 
emission  in  spectral  lines  formed  at  these  temperatures. 


8.  CORONAL  HEATING  IN  POUR  PLUMES 


Polar  plumes  are  ray-like  structures  that  were  first  observed  in 
white  light  eclipse  photographs  of  the  corona.  Subsequent  observations 
at  EUV,  XUV  and  x-ray  wavelengths  showed  that  these  features  are  associ¬ 
ated  with  coronal  bright  points  which  are  observed  to  lie  at  the  bases 
of  the  plumes.  Analyses  of  the  short-wavelength  observations  have  shown 
that  a  substantial  fraction  of  the  mass  In  polar  coronal  holes  apparent¬ 
ly  is  contained  In  plumes.  If  this  is  the  case,  it  is  possible  that 
plumes  provide  a  substantial  fraction  of  the  mass  flux  in  high  speed 
solar  wind  streams  originating  in  coronal  holes  (Ahmad  and  Withbroe 
1977,  Ahmad  and  Webb  1978).  More  recently,  Ahmad  and  Mullan  (1980)  sug¬ 
gested  that  the  mass  flowing  outward  in  plumes  may  be  driven  by  magnetic 
forces  of  an  Impulsive  nature. 

In  order  to  place  empirical  constraints  on  this  and  other  accelera¬ 
tion  and/or  plasma  heating  mechanisms,  we  measured  the  variability  of 
the  0  VI  >1032  and  Mg  X  >625  emission  in  the  same  three  polar  plumes 
used  by  Ahmad  and  Withbroe  for  constructing  temperature-density  models. 
We  found  that  the  coronal  emission  from  three  plumes  (which  were  ob¬ 
served  with  approximately  1.7  minute  temporal  resolution  over  a  period 
of  about  40  minutes)  exhibited  only  small  (£  1 0% )  fluctuations  in  EUV 
emission  over  the  observing  period.  This  Implies  that  temporal  varia¬ 
tions  in  the  density  and/or  temperature  were  5t  or  less.  It  also  sug¬ 
gests  that  plumes  are  heated  primarily  by  a  quasi-steady  state  process. 
Although  the  variations  in  the  measurements  of  the  EUV  emission  from  the 
plumes  were  small,  they  appear  to  be  statistically  significant.  Two 
plumes  decreased  in  brightness  by  approximately  10X  during  the  40  minute 
period  of  observations.  In  addition  two  plumes  exhibited  short-term 
(few  minute)  variations  which  appear  to  be  due  to  small  ("2  x  10**  K) 
fluctuations  in  temperature  caused  by  fluctuations  in  the  local  plasma 


heating  rate.  If  these  features  are  a  significant  source  of  the  mass 
flux  in  high  speed  solar  wind  streams  originating  in  polar  coronal 
holes,  then  the  energy  delivered  to  the  plasma  flowing  out  of  these 
features  is  more  likely  from  a  steady-state  process  (e.g.  Alfven  or  MHD 
fast  mode  wave  heating)  than  a  stochastic  process,  unless  the  energy  in¬ 
puts  by  the  latter  are  delivered  sufficiently  frequently  and  regularly 
(time  scale  <  minutes)  to  provide  quasi-steady  state  heating  and  mass 
acceleration. 

A  coronal  bright  point  at  the  base  of  one  of  the  plumes  was  found 
to  have  a  small  enhancement  or  "flare"  in  brightness.  There  was  no 
corresponding  effect  observed  in  the  overlying  plume.  This  difference 
in  behavior  could  be  due  to  the  fact  that  the  bright  point  most  likely 
had  a  closed  magnetic  configuration  which  confined  the  "activity"  to 
low-lying  magnetic  loops  without  causing  significant  effects  in  the 
overlying  plume  which  most  likely  had  an  open  magnetic  configuration. 

Additional  studies  of  polar  plumes  are  required  before  one  can 
determine  whether  or  not  they  are  a  major  source  of  the  mass  flux  in 
high  speed  solar  wind  streams  that  are  believed  to  flow  out  of  polar 
coronal  holes.  Of  particular  interest  are  long  term  studies  of  the  em¬ 
ission  (both  spectral  line  and  broad-band  white  light)  and  measurements 
of  flow  velocities.  If  any,  using  newly  developed  techniques  such  as 
Doppler-dimming  of  resonance  lines  (see  review  by  Withbroe  et^  al.  1983). 

9.  SUMMARY  AND  CONCLUSIONS 

The  findings  of  the  various  studies  discussed  In  this  report  sug¬ 
gest  the  following  scenario:  The  rapid  release  of  energy  in  the  low 
corona  usually  results  in  plasma  heating  in  not  only  the  corona,  but 
also  in  the  transition  region  and  upper  chromosphere.  This  Is  evidenced 
by  the  strong  correlation  found  between  localized  energy  releases  in  ac¬ 
tive  regions  and  bright  point  flares  which  produce  nearly  simultaneous 
increases  in  the  Intensities  of  chromospheric,  transition  region  and 
coronal  lines.  If  the  energy  release  results  in  the  ejection  of  chro¬ 
mospheric  material  (either  due  to  the  energy  release  occurring  In  the 
chromosphere  or  perhaps  due  to  energy  transferred  to  the  chromosphere 
from  an  energy  release  site  In  the  corona),  then  the  ejected  material 
often  is  apparently  not  heated  to  coronal  temperatures.  Note  we  are 
distinguishing  here  between  ejection  of  chromospheric  material  In  bulk 
flows  as  opposed  to  the  "evaporation"  or  "boiling"  off  of  chromospheric 
material  by  energy  transported  from  the  corona.  The  Intensities  of 
coronal  lines  appear  to  be  sensitive  primarily  to  energy  releases  that 
result  in  heating  of  plasma  to  coronal  temperatures,  while  the  intensi¬ 
ties  of  the  chromospheric  and,  especially  transition  region  lines  are 
sensitive  to  energy  releases  that  produce  mass  ejections  and/or  plasma 
heating.  The  observed  temporal  variability  of  transition  region  emis¬ 
sion,  which  occurs  over  a  much  greater  extent  of  the  solar  surface  in 
both  quiet  and  active  regions  than  is  the  case  for  coronal  lines,  sug¬ 
gests  that  impulsive  energy  releases  that  cause  mass  ejections  are  a 
more  frequent  and  widespread  phenomena  than  impulsive  energy  releases 
that  produce  heating  of  plasma  to  coronal  temperatures. 

One  can  summarize  our  findings  on  the  behavior  of  the  EUV  emission 


from  loops  in  magnetic  bipolar  regions  in  the  following  way:  In  small 
regions  (spatial  extent  <  V)  the  EUV  variations  suggest  that  Impulsive 
heating  at  chromospheric  and  coronal  levels  appears  to  be  very  impor¬ 
tant,  possibly  the  dominant  form  of  heating.  The  mechanism  most  likely 
evolves  rapid  release  of  magnetic  energy,  possibly  associated  with  the 
emergence  of  magnetic  flux  from  lower  levels  Into  the  chromosphere  and 
corona.  In  larger  scale  (  >1 • )  magnetic  bipolar  regions,  there  is  evi¬ 
dence  for  both  quasi-steady  and  impulsive  heating,  with  quasi-steady 
heating  dominating.  This  heating  could  be  caused  by  either  a  mechanism 
such  as  steady-state  current  dissipation,  or  by  a  stochastic  processe 
whose  integrated  effect  (resulting  from  the  smoothing  caused  by  finite 
radiative  and  conductive  cooling  times)  yields  a  nearly  constant  radia¬ 
tive  output.  The  widespread  variability  of  the  emission  £n  spectral 
lines  formed  at  transition  region  temperatures  ( UP  <  T  <  TO  K)  pro¬ 
vides  evidence  that  impulsive  energy  releases  are  a  common,  nearly  con¬ 
tinuous  phenomenon  in  bipolar  magnetic  regions.  However,  at  the  present 
time  we  do  not  know  what  fraction  of  the  total  energy  deposition  in  the 
atmosphere  (chromosphere  and  low  corona)  originates  In  impulsive 
phenomena . 

Our  present  results  suggest  that  stochastic  mechanisms  may  play  an 
important  role  in  heating  the  solar  atmosphere  at  chromospheric  and 
coronal  levels.  As  has  been  suggested  several  times  in  this  report 
these  mechanisms  most  likely  involve  the  rapid  release  of  magnetic  ener¬ 
gy.  It  is  possible  that  they  are  Identical  to  mechanisms  responsible 
for  the  energy  release  In  flares.  More  study  of  existing  data  such  as 
the  Skylab,  UV,  EUV  and  X-ray  observations  are  needed  to  provide  addi¬ 
tional  information  on  the  variability  of  the  chromospheric,  transition 
region  and  coronal  emissions  from  different  types  of  regions,  particu¬ 
larly  regions  of  different  sizes  and  in  different  stages  of  evolutionary 
development .  This  can  provide  additional  insights  as  to  the  importance 
of  impulsive  heating  mechanisms,  the  location  of  energy  deposition,  and 
the  magnitude  of  the  energy  delivered  to  the  plasma  by  such  mechanisms. 
Observations  with  more  sophisticated  instruments  capable  of  measuring 
line  profiles  could  yield  invaluable  Information  about  mass  flows  and 
the  dynamics  associated  with  plasma  heating  and/or  deposition  of  momen¬ 
tum  thereby  providing  additional  constraints  on  energy  release  mechan¬ 
isms.  Of  particular  interest  from  the  ground  are  simultaneous  high 
resolution  (~1ft)  measurements  of  velocities  and  magnetic  fields  in  the 
photosphere  and  chromosphere,  intensities  of  chromospheric  lines  such  as 
He  I  X1Q830,  and  VLA  measurements  of  the  radio  emission  from  higher  tem¬ 
perature  plasma  in  overlying  coronal  loops.  Such  observations  could 
help  elucidate  possible  relationships  between  magnetic  field  emergence 
and  plasma  heating  in  the  upper  chromosphere  and  low  corona. 

One  scientific  paper  resulting  from  the  studies  reported  here  has 
been  published  (Withbroe  1983a  on  results  presented  in  Section  6).  A 
second  paper  has  been  submitted  for  publication  (Withbroe  1983b  on 
results  presented  in  section  8).  Several  other  papers  are  in  prepara¬ 
tion  (on  Sections  2-5,  7).  In  addition  to  the  Principal  Investigator, 
the  following  participated  in  the  various  aspects  of  the  study:  Dr.  S. 
R.  Habbal ,  Dr.  R.  H.  Levine,  R.  Ronan,  B.  Toth  and  C.  Zapata. 
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TABLE  1.  EUV  SCALE  HEIGHTS 


Identification 

X  (A) 

log  T 

Scale  Height  Hs 

Equatorial 
Quiet  Region 

Polar 

Quiet  Region 

Polar 

Coronal  Hole 

HI  Lyman  C 

814 

4.0 

- 

2000  ±  300 

1900  ±  300 

HI  Lyman  a 

1216 

4.3 

2200  ±  300 

2200  ±  300 

2200  ±  300 

C  II 

1335 

4.65 

2200  -  300 

2200  ±  300 

1800  ±  300 

C  III 

977 

4.95 

1900  ±  300 

1800  ±  300 

2000  t  300 

0  IV 

554 

5.3 

2000  -  300 

2000  ±  300 

2000  ±  300 

0  VI 

1032 

5.5 

- 

- 

- 

Ne  VIII 

465 

5.8 

- 

- 

- 

Mg  X 


625 


6.15 
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11.  FIGURES 

Fig.  1. — A  (5*  x  5*)  Mg  X  spectroheliogram  showing  the  bright  points 
studied  by  Habbal  and  Withbroe  (1980.  Since  the  instrument  used  a  pho¬ 
toelectric  detection  system,  the  primary  data  are  in  digital  form.  This 
picture  was  produced  from  the  digital  data  using  a  computer  driven 
cathode  ray  tube  display.  Progressively  lighter  shades  of  gray 
correspond  to  increasing  intensities. 

Fig.  2. — EUV  spectroheliograms  of  bright  points  in  six  different  spec¬ 
tral  lines:  the  chromospheric  Lyman  d  and  C  II  lines,  the 
chromospheric-coronal  transition  region  C  III,  0  IV  and  0  VI  lines  and 
the  coronal  Mg  X  line.  The  feature  circled  (BP6)  shows  how  a  bright 
point  appears  in  those  different  EUV  lines.  The  larger  bright  area  im¬ 
mediately  below  BP6  is  the  small  active  region  discussed  in  Section  3. 
East  is  toward  the  top,  north  to  the  right. 

Fig.  3. — Total  intensity  (counts/0.04  second)  and  areal  extent  (5M  x  5M 
pixels)  changes  with  time  measured  In  Mg  X  for  BP3  (see  Habbal  and  With¬ 
broe  1981). 

Fig.  4. — Upper  graph:  Intensity  variation  in  Mg  X  (counts/0.04  second) 
as  a  function  of  time  (hours)  for  BP-A  in  a  polar  coronal  hole.  Lower 
graph :  Intensity  variation  versus  time  showing  only  time-varying  com¬ 
ponent  of  the  intensity.  (The  numbers  in  the  label  for  the  abscissa  are 
the  coordinates  of  the  pixels  making  up  BP-A  in  the  spectroheliogram. ) 

Fig.  5* — Upper  graph:  Intensity  variation  in  0  VI  as  a  function  of  time 
for  entire  25”  x  40”  area  making  up  BP-A.  Lower  graph:  Intensity  varia¬ 
tion  In  0  VI  for  a  small  10”  x  15”  area  of  BP-A. 

Fig.  6. — Intensity  as  a  function  of  time  for  BP-B  as  measured  in  Lyman  d 
A1216  (chromosphere),  0  VI  A1032  (transition  region)  and  Mg  X  A625 
(corona) . 

Fig.  7. — Same  as  Fig.  6,  but  for  BP-C. 

Fig.  8. — Same  as  Fig.  6,  but  for  BP-D. 

Fig.  9. — Same  as  Fig.  6,  but  for  BP-E. 

Fig.  10. — Contour  maps  constructed  from  Mg  X  A625  spectroheliograms 
showing  some  of  the  spatial  and  temporal  changes  in  the  small  active  re¬ 
gion  discussed  in  Section  3  (also  see  Fig.  1).  The  time  (hr,  min)  that 
each  spectroheliogram  was  acquired  on  August  21,  1973  are  given.  East 
is  to  the  left,  north  toward  the  top.  The  contours  were  drawn  at  levels 
of  60,  90,  150  (shaded  light  gray),  230  (shaded  dark  gray)  and  350 
(shaded  black)  counts/integration  time.  The  mean  background  level  was 
approximately  3  counts  in  the  coronal  hole  areas  and  30  counts  in  the 
quiet  regions  (areas  not  in  bright  points,  active  regions  or  coronal 
hole).  The  contoured  area  is  100”  x  55”  with  the  tick  marks  at  inter¬ 
vals  of  5”  (horizontally)  and  2.5”  (vertically).  This  area  is  in  the 
upper  right  quadrant  of  Fig*  1  and  2  (note  rotation  of  90  degrees  since 
east  is  at  the  top  of  Fig.  1  and  2)  immeditately  below  BP-6. 


21 


Fig.  11. — Same  as  Fig.  10,  but  later  in  time. 

Fig.  12. — Same  as  Fig.  10,  but  later  in  time. 

Fig.  1?. — Left  hand  plots ;  Variation  of  the  total  intensity  in  the 
eastern  area  of  the  small  active  region  as  a  function  of  time  for  Ly¬ 
man  d  (chromosphere),  C  III,  0  IV  and  0  VI  lines  (transition  region)  and 
Mg  X  line  (corona).  The  expected  variations  due  to  statistical  fluctua¬ 
tions  are  smaller  than  the  size  of  the  data  points.  The  dashed  lines 
connect  points  during  long  intervals  when  there  were  no  observations 
(usually  due  to  spacecraft  night).  The  intensity  peaks  at  05 24  and  0603 
are  due  to  the  subflares  visible  in  Fig.  10.  One  unit  on  the  ordinate 
corresponds  to  0.04  dex.  Right  hand  plots;  Total  intensities  from 
western  area  of  the  small  active  region. 

Fig.  14. — Spectroheliograms  showing  the  appearance  of  McMath  region 
12628  (In  foreground)  and  12634  (on  limb)  in  several  EUV  spectral  lines. 
The  Ly  d,  0  VI  and  Mg  X  spectroheliograms  were  acquired  simultaneously 
during  a  subflare  (see  Section  7).  The  C  III  spectroheliogram  was  ac¬ 
quired  5.5  minutes  earlier  and  the  Ne  VII  and  SI  XII  spectroheliograms 
were  acquired  1.5  hours  earlier. 

Fig.  15. — Intensity  as  a  function  of  time  measured  in  the  0  VI  and  Mg  X 
lines  at  the  left  (left-hand  plots)  and  right  (right-hand  plots)  foot- 
points  of  the  coronal  loops  in  McMath  region  12634  (see  Fig.  14). 

Fig.  16. — Mg  X  Intensity  as  a  function  of  time  for  four  areas  in  the 
loops  seen  above  the  limb  In  McMath  region  12634  (see  Fig.  14). 

Fig.  17. — Sub-flarelike  intensity  enhancements  observed  in  the  loops  of 
McMath  region  12628  (see  Fig.  14). 

Fig.  18. — Quiet  solar  limb  area  approximately  45°  N  of  east  obtained  on 
5  January  1974  at  2120  UT. 

Fig.  19. — Intensity  of  CIII  >977  (measured  in  counts/0.040  s)  plotted  as 
a  function  of  distance  p  (in  solar  radii)  from  sun-center  (points).  The 
measurements  are  from  tne  quiet  region  shown  in  Fig.  18.  Also  plotted 
are  intensities  calculated  with  a  model  having  no  spicular  contribution 
(dashed  line),  spicular  contribution  with  Hg  =  1900  km  (solid  line)  and 
Hg  =  2500  km  (dotted  line). 

Fig.  20. — Intensities  measured  at  several  wavelengths  in  a  polar  coronal 
hole  (points).  The  curves  are  for  Intensities  calculated  with  the 
Withbroe-Mariska  spicular  model  (see  text). 

Fig.  21. — Ratio  o^/cr  plotted  as  a  function  of  position  for  measurements 
made  along  scan  lines  located  at  different  mean  distances  p  from  sun- 
center.  The  measurements  were  acquired  at  2.5"  intervals  along  a  5* 
long  scan  line  oriented  parallel  to  the  limb  (see  text).  For  each  plot 
the  value  <^/<r  r  1  is  marked  by  a  light  horizontal  line.  Statistical 

noise  Is  expected  to  produce  variations  in  <x /< y  -  +  0.2. 

t  e  — 

Fig.  22. — Ratio  0^/<re  plotted  as  a  function  of  position  for  measurements 
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made  in  several  spectral  lines  at  p  r  1.005  (h  =  3500  km).  Statistical 
noise  is  expected  to  produce  variations  in  r  +  0.2. 

Fig.  23. — Ratio  <t^ (p)/ae(p)  as  a  function  of  distance  p  from  sun-center. 

Fig.  24. — Spectroheliograms  in  0  VI  >1032  (left-hand  set  of  pictures) 
and  Mg  X  >625  (right-hand  set  of  pictures).  Each  pair  (row)  of  spec¬ 
troheliograms  was  acquired  simultaneously  at  intervals  of  5.5  min.  Time 
progresses  from  bottom  to  top.  Subflare  and  associated  surges  are  visi¬ 
ble  near  the  bottom  of  the  pictures. 

Fig.  25. — Left-hand  plots :  Intensity  as  a  function  of  time  in  the  area 
where  the  subflare  shown  in  Fig.  24  occurred.  Curves  are  given  for  Ly¬ 
man  d9  0  VI  >1032  and  Mg  X  >625.  The  subflare  shown  in  Fig.  24  caused 
the  first  intensity  enhancement.  The  second  peak  was  caused  by  a  later 
subflare  that  occurred  in  the  same  region.  Right-hand  plots:  Intensi¬ 
ties  in  the  region  adjacent  to  the  subflare  where  the  surges  are  ob¬ 
served  (area  to  left  of  subflare  shown  In  Fig.  24).  For  comparison  we 
have  plotted  (lowest  curve)  Lyman  alpha  intensity  variation  measured  in 
the  flaring  region. 
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